Abstract: A series of vanadia catalysts supported on SBA-15 (V/SBA) with a vanadia (V) content ranging from 1% to 11% were prepared by an incipient wetness method. Their catalytic behavior in the dehydrogenation of isobutane to isobutene with CO 2 was examined. The catalysts were characterized by N 2 adsorption, X-ray diffraction (XRD), scanning electron microscopy (SEM), Raman spectroscopy, and temperature-programmed reduction (TPR). It was found that these catalysts were effective for the dehydrogenation reaction, and the catalytic activity is correlated with the amount of dispersed vanadium species on the SBA-15 support. The 7% V/SBA catalyst shows the highest activity, which gives 40.8% isobutane conversion and 84.8% isobutene selectivity. The SBA-15-supported vanadia exhibits higher isobutane conversion and isobutene selectivity than the MCM-41-supported one.
Introduction
Currently, isobutene is mainly used as a chemical building block to produce polyisobutene, methyl tert-butyl ether (MTBE), butyl rubber, and methyl acrylates. Naphtha steam cracking and fluidized catalytic cracking, which are two primary methods to obtain isobutene, cannot provide sufficient isobutene for the expanding market due to the increasing demand for isobutene. Therefore, the dehydrogenation of isobutane is becoming an important approach to produce isobutene [1] . Although the process of direct isobutane dehydrogenation to isobutene was applied commercially [2] , there are still some problems, such as it being limited by thermodynamic equilibrium, high energy consumption, and serious deactivation of the catalyst. The oxidative dehydrogenation of isobutane using O 2 has attracted much attention [3] [4] [5] [6] [7] because it is not limited by thermodynamic equilibrium and the energy consumption is relatively low. However, the selectivity toward isobutene is lower owing to the deep oxidation of isobutene, thus resulting in lower isobutene yield. Sugiyama et al. [4] found that Cr-FSM-16 showed ca. 9% yield of isobutene. Ehiro et al. [5] reported that Cr-MCM-41 catalyst gave an isobutene yield of ca. 7%.
The utilization of carbon dioxide as a mild oxidant for the selective dehydrogenation of small alkanes to their respective alkenes has gained much interest in recent years and is believed to be an attractive alternative to the traditional dehydrogenation [8] [9] [10] [11] [12] [13] [14] [15] . Deep oxidation of the desirable dehydrogenation product to CO and CO 2 can be avoided via employing CO 2 instead of O 2 . Hot sports can also be avoided due to the high heat capacity of CO 2 . On the other hand, the use of CO 2 in the feed can also be avoided due to the high heat capacity of CO2. On the other hand, the use of CO2 in the feed also opens a new attractive pathway for CO2 utilization, because in this new process it is reduced to CO which is more valuable in chemical industry. Attempts have been made for the dehydrogenation of isobutane to isobutene in the presence of CO2. It is less extensively studied in comparison to the CO2-assisted dehydrogenation of ethane and propane. The catalysts reported for this reaction mainly consist of iron oxide [16] , vanadium-magnesium oxide [17] , V2O5 [18] , LaBaSm oxide [19] , and NiO [15] . There is still a challenge in enhancing the catalytic activity and selectivity. The objective of the present study is to prepare mesoporous silica supported vanadia catalysts with superior catalytic performance. A vanadia catalyst supported on a mesoporous silica such as MCM-41 and SBA-15 exhibited good performance for the dehydrogenation of ethylbenzene with CO2 [20] [21] [22] [23] . Following this observation, in the present work, VOx/SBA-15 catalysts were prepared by using mesoporous SBA-15 as the support. Their catalytic behavior in isobutane dehydrogenation with CO2 has been studied, and compared with VOx/MCM-41. The catalytic performance was correlated with the characterization results.
Results and Discussion

Characterization of Catalysts
As shown in Figure 1a , the parent SBA-15 shows an intense (100) diffraction peak and two other weaker peaks assigned to (110) and (200) reflections, suggesting that SBA-15 possesses ordered hexagonal mesostructure. This is consistent with the reported results [24, 25] . A decrease in the intensity of the main (100) peak with an increase in vanadium content is observed, which may be caused by a partial degradation of the hexagonal arrangement of SBA-15 pores [26] . Nevertheless, three clear diffraction peaks still occurred for the SBA-15-supported samples at a V content of up to 7%, implying that the SBA-15 framework is well retained upon supporting vanadia. As the vanadium content increases to 11%, the (110) and (200) peaks become obscure, but the (100) peak can be clearly observed. This finding is indicative of a relatively severe collapse of the SBA-15 structure for the 11% V/SBA-15 sample. Figure 1b depicts the XRD patterns of the V/SBA samples with various V content in the wide-angle region. No diffraction peaks assigned to vanadium oxides appeared in the V/SBA catalysts with a V content of up to 3%, suggesting that the vanadium species in these samples are highly dispersed on the SBA-15 surface. With the increment of V content to 5%, weak diffraction peaks corresponding to crystalline V2O5 occurred, suggesting that bulk vanadia are formed at a high V content. A further increase in the V content on the SBA-15 support brings about an increment in the peak intensity. In contrast, the 7% V/MCM catalyst exhibits a similar XRD pattern to that of 7% V/SBA. As shown in Figure 2 , all SBA-15-supported vanadia catalysts possess type IV adsorption isotherms and type H1 hysteresis loops. A sharp inflection is found on the isotherms of V/SBA catalysts at P/P o in the range of 0.6 and 0.75, implying that these materials have typical mesostructures. The textural properties of SBA-15-supported vanadia catalysts are listed in Table 1 . As the V content increases, the surface area and pore volume of the V/SBA-15 samples decrease gradually. A high surface area and pore volume are observed in the SBA-15-supported samples with a V loading of up to 7%, which is indicative of the preservation of the SBA-15 framework. The significant decrease in surface area for the 11% V/SBA-15 sample as compared with that of the parent SBA-15 (555 m 2 /g) is related to the relatively severe destruction of the SBA-15 framework. This is in agreement with the XRD results (Figure 1a) .
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As shown in Figure 2 , all SBA-15-supported vanadia catalysts possess type IV adsorption isotherms and type H1 hysteresis loops. A sharp inflection is found on the isotherms of V/SBA catalysts at P/Po in the range of 0.6 and 0.75, implying that these materials have typical mesostructures. The textural properties of SBA-15-supported vanadia catalysts are listed in Table 1 . As the V content increases, the surface area and pore volume of the V/SBA-15 samples decrease gradually. A high surface area and pore volume are observed in the SBA-15-supported samples with a V loading of up to 7%, which is indicative of the preservation of the SBA-15 framework. The significant decrease in surface area for the 11% V/SBA-15 sample as compared with that of the parent SBA-15 (555 m 2 /g) is related to the relatively severe destruction of the SBA-15 framework. This is in agreement with the XRD results ( Figure 1a) . Figure S1 presents the dark-field TEM images of 3% V/SBA and 7% V/SBA samples. Vanadium species cannot be found in the mesopores. We think that all the vanadium species are outside the mesopores. Figure S1 presents the dark-field TEM images of 3% V/SBA and 7% V/SBA samples. Vanadium species cannot be found in the mesopores. We think that all the vanadium species are outside the mesopores. To reveal the molecular nature of the vanadium species dispersed on the SBA-15 support, Raman spectra of V/SBA samples with various V content are presented in Figure 5 . The band at 1030 cm −1 is attributed to the symmetric stretching mode of the V=O bond in the isolated tetrahedral VO4 species [27, 28] . The band at 263 cm −1 can be ascribed to the V-O-V bending mode, and the bands at 420 and 512 may correlate with the V-O-V stretching vibrations [28] . The bands at 274, 402, 692, and 990 cm −1 To reveal the molecular nature of the vanadium species dispersed on the SBA-15 support, Raman spectra of V/SBA samples with various V content are presented in Figure 5 . The band at 1030 cm −1 is attributed to the symmetric stretching mode of the V=O bond in the isolated tetrahedral VO4 species [27, 28] . The band at 263 cm −1 can be ascribed to the V-O-V bending mode, and the bands at 420 and 512 may correlate with the V-O-V stretching vibrations [28] . The bands at 274, 402, 692, and 990 cm −1 To reveal the molecular nature of the vanadium species dispersed on the SBA-15 support, Raman spectra of V/SBA samples with various V content are presented in Figure 5 . The band at 1030 cm −1 is attributed to the symmetric stretching mode of the V=O bond in the isolated tetrahedral VO 4 species [27, 28] . The band at 263 cm −1 can be ascribed to the V-O-V bending mode, and the bands at 420 and 512 may correlate with the V-O-V stretching vibrations [28] . The bands at 274, 402, 692, are characteristic of V2O5 crystallites [27, 28] . The absence of a typical band at ca. 990 cm −1 of crystalline V2O5 in the 1% V/SBA sample suggests that crystallites of V2O5 are not formed. A shoulder band at 990 cm −1 is observed for the 3% V/SBA sample, suggesting that at a 3% V content, vanadium centers begin to aggregate to form V2O5 crystals. A close comparison of Figures 1b and 5 indicates that laser Raman spectroscopy is more sensitive than XRD for the identification of V2O5 crystallites in V/SBA samples. Other authors [27, 29] also reported the same finding for the supported vanadia samples. Table 1 . For the sake of comparison, the profile and data of 7% V/MCM are also included. Only one reduction peak centered at 483 °C is observed on the V/SBA sample with a V content as low as 1%, corresponding to the reduction of V 5+ [30] [31] [32] . At higher V content, there are two reduction peaks. The peak at low temperature (peak I) is attributed to the reduction of dispersed vanadium species, while the peak at high temperature (peak II) is assigned to the reduction of crystalline V2O5 [30, 31] . The TPR results show that in addition to the dispersed vanadium species, large crystals of V2O5 exist on the V/SBA samples with a V content of 3% and above. This is consistent with the results of XRD and Raman measurements. The 7% V/SBA sample exhibits the lowest reduction temperature of peak I (473 °C), implying that this sample has the highest reducibility. As shown in Table 1 , the amount of dispersed vanadium species increases with an increment in the V content from 1% to 7%. A further increase in the V content leads to a decrease in the amount of dispersed vanadium species. In contrast, a close comparison of the profiles for the 7% V/SBA and 7% V/MCM samples reveals that at the same V content level, the reduction peak temperature of peak I is lower for the SBA-15 catalyst than for that of its MCM-41 counterpart. This implies that the 7% V/SBA catalyst exhibits a higher reducibility than 7% V/MCM. Moreover, the former catalyst has more dispersed vanadium species than the latter one. After the H2-TPR measurement, the 7% V/SBA sample was re-oxidized by 100% CO2 at 570 °C for 0.5 h, then H2-TPR was performed again. The H2 consumption (0.439 mmol/g) is lower than that of the fresh catalyst (1.099 mmol/g), implying that CO2 can act as a weak oxidant to oxidize the reduced vanadium species to a high oxidation state. However, the catalyst cannot be fully recovered to the original state. Table 1 . For the sake of comparison, the profile and data of 7% V/MCM are also included. Only one reduction peak centered at 483 • C is observed on the V/SBA sample with a V content as low as 1%, corresponding to the reduction of V 5+ [30] [31] [32] . At higher V content, there are two reduction peaks. The peak at low temperature (peak I) is attributed to the reduction of dispersed vanadium species, while the peak at high temperature (peak II) is assigned to the reduction of crystalline V 2 O 5 [30, 31] . The TPR results show that in addition to the dispersed vanadium species, large crystals of V 2 O 5 exist on the V/SBA samples with a V content of 3% and above. This is consistent with the results of XRD and Raman measurements. The 7% V/SBA sample exhibits the lowest reduction temperature of peak I (473 • C), implying that this sample has the highest reducibility. As shown in Table 1 , the amount of dispersed vanadium species increases with an increment in the V content from 1% to 7%. A further increase in the V content leads to a decrease in the amount of dispersed vanadium species. In contrast, a close comparison of the profiles for the 7% V/SBA and 7% V/MCM samples reveals that at the same V content level, the reduction peak temperature of peak I is lower for the SBA-15 catalyst than for that of its MCM-41 counterpart. This implies that the 7% V/SBA catalyst exhibits a higher reducibility than 7% V/MCM. Moreover, the former catalyst has more dispersed vanadium species than the latter one. After the H 2 -TPR measurement, the 7% V/SBA sample was re-oxidized by 100% CO 2 at 570 • C for 0.5 h, then H 2 -TPR was performed again. The H 2 consumption (0.439 mmol/g) is lower than that of the fresh catalyst (1.099 mmol/g), implying that CO 2 can act as a weak oxidant to oxidize the reduced vanadium species to a high oxidation state. However, the catalyst cannot be fully recovered to the original state. On the other hand, in consideration of a total V 5+ -to-V 3+ reduction for every H2 molecule consumed, the calculated average oxidation state (AOS) of vanadium after H2 reduction [26] was listed in Table 1 . The reduction of vanadium species happens from initial V 5+ to V 4+ and/or V 3+ [30] , but the final vanadium oxidation states depend on the V content. As shown in Table 1 , the AOS of vanadium in the reduced catalysts decreases from 4.4 to 3.3 as the V loading increases from 1% to 11%. This suggests that bulk V2O5 could be reduced to a greater extent than the dispersed vanadium species [33] . Figure 7 shows the NH3-TPD profiles of the V/SBA samples with various V content, and the data are listed in Table 1 . The profile and data of 7% V/MCM are also included for comparision. All samples exhibit only one broad peak in the range of 120-350 °C, suggesting that the acid sites are of weak to medium strength. The peak temperature is similar, suggesting that acid strength is equivalent for these samples. The number of acid sites present on V/SBA-15 samples increases with the increment of V content from 1% to 5%, and increases slightly with the increment of V content from 5% to 11%. This result indicates that the acid sites presented over V/SBA-15 catalysts are associated with vanadia incorporation. The number of acid sites present on 7% V/SBA is 0.112 mmol/g, which is lower than that on 7% V/MCM (0.143 mmol/g). On the other hand, in consideration of a total V 5+ -to-V 3+ reduction for every H 2 molecule consumed, the calculated average oxidation state (AOS) of vanadium after H 2 reduction [26] was listed in Table 1 . The reduction of vanadium species happens from initial V 5+ to V 4+ and/or V 3+ [30] , but the final vanadium oxidation states depend on the V content. As shown in Table 1 , the AOS of vanadium in the reduced catalysts decreases from 4.4 to 3.3 as the V loading increases from 1% to 11%. This suggests that bulk V 2 O 5 could be reduced to a greater extent than the dispersed vanadium species [33] . Figure 7 shows the NH 3 -TPD profiles of the V/SBA samples with various V content, and the data are listed in Table 1 . The profile and data of 7% V/MCM are also included for comparision. All samples exhibit only one broad peak in the range of 120-350 • C, suggesting that the acid sites are of weak to medium strength. The peak temperature is similar, suggesting that acid strength is equivalent for these samples. The number of acid sites present on V/SBA-15 samples increases with the increment of V content from 1% to 5%, and increases slightly with the increment of V content from 5% to 11%. This result indicates that the acid sites presented over V/SBA-15 catalysts are associated with vanadia incorporation. The number of acid sites present on 7% V/SBA is 0.112 mmol/g, which is lower than that on 7% V/MCM (0.143 mmol/g). On the other hand, in consideration of a total V 5+ -to-V 3+ reduction for every H2 molecule consumed, the calculated average oxidation state (AOS) of vanadium after H2 reduction [26] was listed in Table 1 . The reduction of vanadium species happens from initial V 5+ to V 4+ and/or V 3+ [30] , but the final vanadium oxidation states depend on the V content. As shown in Table 1 , the AOS of vanadium in the reduced catalysts decreases from 4.4 to 3.3 as the V loading increases from 1% to 11%. This suggests that bulk V2O5 could be reduced to a greater extent than the dispersed vanadium species [33] . Figure 7 shows the NH3-TPD profiles of the V/SBA samples with various V content, and the data are listed in Table 1 . The profile and data of 7% V/MCM are also included for comparision. All samples exhibit only one broad peak in the range of 120-350 °C, suggesting that the acid sites are of weak to medium strength. The peak temperature is similar, suggesting that acid strength is equivalent for these samples. The number of acid sites present on V/SBA-15 samples increases with the increment of V content from 1% to 5%, and increases slightly with the increment of V content from 5% to 11%. This result indicates that the acid sites presented over V/SBA-15 catalysts are associated with vanadia incorporation. The number of acid sites present on 7% V/SBA is 0.112 mmol/g, which is lower than that on 7% V/MCM (0.143 mmol/g). 
Catalytic Performance
The dehydrogenation of isobutane to isobutene in the presence of CO 2 over SBA-15-supported vanadia catalysts was investigated at 570 • C. The major hydrocarbon product formed in the reaction is isobutene, and the minor hydrocarbon products are methane, ethane, ethylene, propane, propylene, and butenes (except isobutene). Figure 8 depicts the catalytic performance of V/SBA catalysts with various V content as a function of reaction time. Isobutane conversion declines relatively quickly in the initial 30 min, followed by a slow decrease with reaction time, indicating a deactivation of the catalyst. Except that the 1% V/SBA catalyst exhibits almost a steady isobutene selectivity of ca. 90% during the reaction, the selectivity to isobutene for the other catalysts increases gradually, especially in the initial 90 min. This is due to a decrease in the amount of by-products, especially butenes (except isobutene). The results, shown in Figure 8 , point to a marked composition effect on the catalytic performance of the V/SBA catalysts. Isobutane conversion initially increases with the increment of V content from 1% to 7%. A further increase in the V content results in a decline in conversion. The highest activity for isobutane dehydrogenation was achieved on the catalyst with a vanadium content of 7%, which demonstrates the superior performance of 7% V/SBA for the oxidative dehydrogenation of isobutane with CO 2 . This catalyst gives a 40.8% conversion of isobutane with 84.8% selectivity to isobutene after 10 min on stream and a 23.1% conversion of isobutane with 89.1% selectivity to isobutene after 250 min on stream. Note that the blank test (without catalyst) shows isobutane conversion of ca. 2% under the same reaction conditions, suggesting that the contribution of the homogeneous reaction of isobutane is very small. Compared to isobutane conversion, the isobutene yield of V/SBA catalysts follows the same variation trend with V content, as shown in Table 2 . The 7% V/SBA catalyst gives the highest isobutene yield. It is also seen in Table 2 that the more active catalyst for isobutane dehydrogenation with CO 2 has higher activity for CO 2 conversion to CO. 
The dehydrogenation of isobutane to isobutene in the presence of CO2 over SBA-15-supported vanadia catalysts was investigated at 570 °C. The major hydrocarbon product formed in the reaction is isobutene, and the minor hydrocarbon products are methane, ethane, ethylene, propane, propylene, and butenes (except isobutene). Figure 8 depicts the catalytic performance of V/SBA catalysts with various V content as a function of reaction time. Isobutane conversion declines relatively quickly in the initial 30 min, followed by a slow decrease with reaction time, indicating a deactivation of the catalyst. Except that the 1% V/SBA catalyst exhibits almost a steady isobutene selectivity of ca. 90% during the reaction, the selectivity to isobutene for the other catalysts increases gradually, especially in the initial 90 min. This is due to a decrease in the amount of by-products, especially butenes (except isobutene). The results, shown in Figure 8 , point to a marked composition effect on the catalytic performance of the V/SBA catalysts. Isobutane conversion initially increases with the increment of V content from 1% to 7%. A further increase in the V content results in a decline in conversion. The highest activity for isobutane dehydrogenation was achieved on the catalyst with a vanadium content of 7%, which demonstrates the superior performance of 7% V/SBA for the oxidative dehydrogenation of isobutane with CO2. This catalyst gives a 40.8% conversion of isobutane with 84.8% selectivity to isobutene after 10 min on stream and a 23.1% conversion of isobutane with 89.1% selectivity to isobutene after 250 min on stream. Note that the blank test (without catalyst) shows isobutane conversion of ca. 2% under the same reaction conditions, suggesting that the contribution of the homogeneous reaction of isobutane is very small. Compared to isobutane conversion, the isobutene yield of V/SBA catalysts follows the same variation trend with V content, as shown in Table 2 . The 7% V/SBA catalyst gives the highest isobutene yield. It is also seen in Table  2 that the more active catalyst for isobutane dehydrogenation with CO2 has higher activity for CO2 conversion to CO. Supplementray Materials Figure S2 compares the catalytic performance of 7% V/SBA for isobutane dehydrogenation at 570 • C in the presence of CO 2 and in the absence of CO 2 (i.e., using N 2 instead of CO 2 ). The initial conversion of isobutane is higher in the presence of CO 2 than in the absence of CO 2 . The selectivity to isobutene is higher in the presence of CO 2 than in the absence of CO 2 . As far as the isobutene yield is concerned, it is greater in the presence of CO 2 than in the absence of CO 2 during 130 min of reaction, indicative of a promoting effect of CO 2 on the dehydrogenation of isobutane.
The redox behavior of vanadium oxide plays a key role in the dehydrogenation reaction using CO 2 as a mild oxidant over the vanadia-based catalysts. The easy redox cycle between fully oxidized and reduced vanadium species generates a highly active catalyst [31, [34] [35] [36] [37] . The variation of catalytic activity of V/SBA catalysts with vanadium content follows the same trend as the amount of dispersed vanadium species (Table 1 ), suggesting that the dispersed vanadium species on the SBA-15 support are mainly responsible for the catalytic activity in isobutane dehydrogenation with CO 2 . This is reasonably understood, since dispersed vanadium species have higher reducibility and surface area than that of crystalline V 2 O 5 . The 7% V/SBA catalyst is the most active, which can be ascribed to the fact that this catalyst exhibits the highest reducibility and possesses the most dispersed vanadium species ( Figure 6 and Table 1) .
We compared the dehydrogenation of isobutane with CO 2 over vanadia catalysts supported on two different mesoporous silica (SBA-15 and MCM-41) at the same V content of 7%. The results, depicted in Figure 9 , show that the activity of the 7% V/SBA catalyst is obviously higher than that of 7% V/MCM. Moreover, the former catalyst exhibits an evidently higher selectivity toward isobutene formation than the latter one. The 7% V/MCM catalyst only gives a 30.7% conversion of isobutane with 76.7% selectivity to isobutene after 10 min on stream and a 17.2% conversion of isobutane with 83.7% selectivity to isobutene after 250 min on stream. This finding suggests that, with a similar V content, SBA-15 is superior to MCM-41 as a support. From the H 2 -TPR results, the higher catalytic activity of 7% V/SBA than 7% V/MCM is due to the fact that the former catalyst exhibits enhanced reducibility, as evidenced by the lower reduction temperature of peak I. Another reason is that the amount of dispersed vanadium species is greater for 7% V/SBA than 7% V/MCM. The higher isobutene selectivity achieved on 7% V/SBA than 7% V/MCM can be attributed to less acid sites present on the former catalyst, as indicated by the NH 3 -TPD results. More acid sites favor the isomerization of isobutene to 1-butene and 2-butene, thus leading the diminishment of the selectivity toward isobutene. Supplementray Materials Figure S2 compares the catalytic performance of 7% V/SBA for isobutane dehydrogenation at 570 °C in the presence of CO2 and in the absence of CO2 (i.e., using N2 instead of CO2). The initial conversion of isobutane is higher in the presence of CO2 than in the absence of CO2. The selectivity to isobutene is higher in the presence of CO2 than in the absence of CO2. As far as the isobutene yield is concerned, it is greater in the presence of CO2 than in the absence of CO2 during 130 min of reaction, indicative of a promoting effect of CO2 on the dehydrogenation of isobutane.
The redox behavior of vanadium oxide plays a key role in the dehydrogenation reaction using CO2 as a mild oxidant over the vanadia-based catalysts. The easy redox cycle between fully oxidized and reduced vanadium species generates a highly active catalyst [31, [34] [35] [36] [37] . The variation of catalytic activity of V/SBA catalysts with vanadium content follows the same trend as the amount of dispersed vanadium species (Table 1 ), suggesting that the dispersed vanadium species on the SBA-15 support are mainly responsible for the catalytic activity in isobutane dehydrogenation with CO2. This is reasonably understood, since dispersed vanadium species have higher reducibility and surface area than that of crystalline V2O5. The 7% V/SBA catalyst is the most active, which can be ascribed to the fact that this catalyst exhibits the highest reducibility and possesses the most dispersed vanadium species ( Figure 6 and Table 1) .
We compared the dehydrogenation of isobutane with CO2 over vanadia catalysts supported on two different mesoporous silica (SBA-15 and MCM-41) at the same V content of 7%. The results, depicted in Figure 9 , show that the activity of the 7% V/SBA catalyst is obviously higher than that of 7% V/MCM. Moreover, the former catalyst exhibits an evidently higher selectivity toward isobutene formation than the latter one. The 7% V/MCM catalyst only gives a 30.7% conversion of isobutane with 76.7% selectivity to isobutene after 10 min on stream and a 17.2% conversion of isobutane with 83.7% selectivity to isobutene after 250 min on stream. This finding suggests that, with a similar V content, SBA-15 is superior to MCM-41 as a support. From the H2-TPR results, the higher catalytic activity of 7% V/SBA than 7% V/MCM is due to the fact that the former catalyst exhibits enhanced reducibility, as evidenced by the lower reduction temperature of peak I. Another reason is that the amount of dispersed vanadium species is greater for 7% V/SBA than 7% V/MCM. The higher isobutene selectivity achieved on 7% V/SBA than 7% V/MCM can be attributed to less acid sites present on the former catalyst, as indicated by the NH3-TPD results. More acid sites favor the isomerization of isobutene to 1-butene and 2-butene, thus leading the diminishment of the selectivity toward isobutene. It can be seen that the catalytic activity diminishes gradually with reaction time, as shown in Figure 8a . The colour of the catalysts becomes black after the dehydrogenation reaction, indicating It can be seen that the catalytic activity diminishes gradually with reaction time, as shown in Figure 8a . The colour of the catalysts becomes black after the dehydrogenation reaction, indicating the coke formation. The amount of coke deposited on the 7% V/SBA catalyst after 250 min of reaction, determined by TG, is 2.7%. The result, shown in Figure 10 , clearly points to the production of carbonaceous deposits on the spent 7% V/SBA catalyst. The G-band and D-band are observed at 1599 and 1340 cm −1 , respectively [38] . This result indicates the nature of the deposited carbon and reveals the graphitic and amorphous carbon deposition from isobutane dehydrogenation with CO 2 . This observation indicates that the coke formation is mainly responsible for the deactivation of vanadia-based catalysts in dehydrogenation reactions in the presence of CO 2 [20, 34, 36, 39] .
the coke formation. The amount of coke deposited on the 7% V/SBA catalyst after 250 min of reaction, determined by TG, is 2.7%. The result, shown in Figure 10 , clearly points to the production of carbonaceous deposits on the spent 7% V/SBA catalyst. The G-band and D-band are observed at 1599 and 1340 cm −1 , respectively [38] . This result indicates the nature of the deposited carbon and reveals the graphitic and amorphous carbon deposition from isobutane dehydrogenation with CO2. This observation indicates that the coke formation is mainly responsible for the deactivation of vanadiabased catalysts in dehydrogenation reactions in the presence of CO2 [20, 34, 36, 39] . A regeneration treatment of the 7% V/SBA catalyst after 250 min of reaction at 570 °C in the presence of CO2 was attempted. As shown in Figure 11 , the isobutane conversion on 7% V/SBA decreases from 40.8% to 23.1% after 250 min on stream. The used catalyst was regenerated by recalcination in flowing air at 550 °C for 2 h, followed by a purge with N2 for another 1 h. The isobutane conversion on the regenerated catalyst is 38.5%, which is slightly lower than the initial conversion, indicating that the original activity of the catalyst can be almost completely restored. After the second and third regeneration, the activity of the catalyst is completely restored, which is caused by the removal of deposited carbon on the catalyst. 
Materials and Methods
Catalyst Preparation
SBA-15 (BET surface area = 555 m 2 /g, total pore volume = 0.875 cm 3 /g) was obtained from Nanjing Pioneer Nanomaterials Science and Technology Co., Ltd. in Nanjing, China. The SBA-15- A regeneration treatment of the 7% V/SBA catalyst after 250 min of reaction at 570 • C in the presence of CO 2 was attempted. As shown in Figure 11 , the isobutane conversion on 7% V/SBA decreases from 40.8% to 23.1% after 250 min on stream. The used catalyst was regenerated by re-calcination in flowing air at 550 • C for 2 h, followed by a purge with N 2 for another 1 h. The isobutane conversion on the regenerated catalyst is 38.5%, which is slightly lower than the initial conversion, indicating that the original activity of the catalyst can be almost completely restored. After the second and third regeneration, the activity of the catalyst is completely restored, which is caused by the removal of deposited carbon on the catalyst.
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SBA-15 (BET surface area = 555 m 2 /g, total pore volume = 0.875 cm 3 /g) was obtained from Nanjing Pioneer Nanomaterials Science and Technology Co., Ltd. in Nanjing, China. The SBA-15- 
Materials and Methods
Catalyst Preparation
SBA-15 (BET surface area = 555 m 2 /g, total pore volume = 0.875 cm 3 /g) was obtained from Nanjing Pioneer Nanomaterials Science and Technology Co., Ltd. in Nanjing, China. The SBA-15-supported vanadia catalysts were prepared by impregnating SBA-15 with a certain amount of NH 4 VO 3 dissolved in an aqueous solution of oxalic acid (pH =~1, NH 4 VO 3 /oxalic acid = 1/2 molar ratio). After impregnation, the catalysts were dried and calcined in static air at 600 • C for 4 h. The obtained catalysts are designated as x% V/SBA, where x% represents the wt % V in the catalysts. For comparison, a 7% V/MCM catalyst with a V content of 7% was prepared in the same way using mesoporous MCM-41 as a support. MCM-41 (BET surface area = 937 m 2 /g, total pore volume = 0.979 cm 3 /g) was available from the same company as SBA-15.
Catalyst Characterization
X-ray diffraction (XRD) patterns were collected on a MSAL XD2 X-ray diffractometer (PGENERAL, Beijing, China) using Cu Kα radiation at 40 kV and 30 mA. The BET specific surface areas and pore volumes of the catalysts were determined by the adsorption/desorption of nitrogen at liquid nitrogen temperature with a Micromeritics Tristar 3000 instrument (Micromeritics, Atlanta, GA, USA). The pore sizes of the catalysts were obtained from the peak positions of the distribution curves determined from the adsorption branches of the isotherms. Field-emission SEM images were recorded on Nova NanoSEM 450 (FEI, Hillsboro, TX, USA). TEM images were recorded on an FEI Tecnai G 2 F20 S-TWIN instrument (FEI, Hillsboro, TX, USA). Raman spectra were recorded on a HORIBA Jobin Yvon XploRA spectrometer (HORIBA Jobin Yvon, Paris, France). Wavelength of exciting light was selected as 532 nm.
Temperature-programmed reduction (TPR) profiles were obtained on a Micromeritics AutoChem II apparatus (Micromeritics, Atlanta, GA, USA) loaded with 100 mg of catalyst. The sample (40-60 mesh) was pretreated in flowing Ar at 300 • C for 3 h, and cooled to 150 • C in Ar. The sample was subsequently contacted with 10% H 2 /Ar (30 mL/min), then heated, at a rate of 10 • C/min, to a final temperature of 750 • C. H 2 consumption was monitored using a thermal conductivity detector (TCD) (Micromeritics, Atlanta, GA, USA).
NH 3 temperature-programmed desorption (NH 3 -TPD) experiments were conducted on a Micromeritics AutoChem II instrument with a TCD detector. Sample (0.15 g) (40-60 mesh) was pretreated in He flow at 550 • C for 1 h, and cooled to 120 • C. The flow was switched to 10% NH 3 /He (30 mL/min) and kept for 2 h, and then swept by He (30 mL/min) for 2 h. Finally, the sample was heated in He (30 mL/min) to 550 • C at a rate of 10 • C/min.
Catalytic Tests
The oxidative dehydrogenation of isobutane with CO 2 was carried out in a homemade flow-type fixed-bed microreactor at 570 • C under atmospheric pressure. The catalyst (0.5 g) (40-60 mesh) was first pretreated at 570 • C in N 2 for 1 h. Then, a gas mixture of isobutane and CO 2 (1:5 molar ratio) flowed through the catalyst at a flow rate of 19.3 mL/min. The hydrocarbon products were analyzed using an on-line gas chromatograph (GC) (Agilent, Palo Alto, CA, USA) equipped with a flame ionization detector (Agilent, Palo Alto, CA, USA) and a HP-AL/S capillary column (50 m × 0.32 mm × 8.0 µm) (Agilent, Palo Alto, CA, USA). CO and CO 2 were analyzed on-line by another GC equipped with a TCD and a 6 m long stainless steel column packed with Porapak Q.
Conclusions
The SBA-15-supported vanadia catalysts (V/SBA) were prepared by the wet impregnation method. Textural and XRD results suggest that the ordered hexagonal mesostructure of the SBA-15 support is preserved after vanadium loading at least up to 7% V, and, therefore, high surface areas were obtained for the final catalysts. The V/SBA catalysts exhibit high activity for the dehydrogenation of isobutane to isobutene with CO 2 , and the catalytic activity is correlated with the amount of dispersed vanadium species on the SBA-15 support. The 7% V/SBA catalyst shows the highest activity. An isobutane conversion of 40.8% with an isobutene selectivity of 84.8% was achieved using this catalyst at 570 • C and after reaction for 10 min. The higher catalytic activity observed for 7% V/SBA than for that of 7% V/MCM can be attributed to the enhanced reducibility and more dispersed vanadium species on the former catalyst. The higher isobutene selectivity achieved on 7% V/SBA than for that on 7% V/MCM is due to the lower amount of acid sites on the former catalyst.
Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/6/11/171/s1, Figure S1 : High-angle annular dark field (HAADF) images of (a) 3% V/SBA and (b) 7% V/SBA, Figure S2 : Catalytic performance of 7% V/SBA for isobutane dehydrogenation at 570 • C in the presence of CO 2 ( ) and in the absence of CO 2 (•).
